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DFS	 in	 northern	 Spain	 to	 investigate	 and	 calibrate	 the	 model.	 Additionally,	
downstream	 profiles	 from	 modern	 DFS	 in	 northern	 India,	 and	 hydrological	
measurements	from	the	High	Island	Creek,	Minnesota,	USA,	were	used	as	input	
parameters	for	the	model	in	addition	to	the	outcrop	data	from	the	Huesca	DFS.	
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1 |  INTRODUCTION
To	better	understand	the	stratigraphic	evolution	of	fluvial	
sedimentary	 systems,	 their	 controlling	 parameters	 need	
to	be	linked	to	their	deposits.	Numerical	forward	model-
ling	can	be	used	to	make	this	connection.	Hydrodynamic	
stratigraphic	 forward	 models	 (SFM)	 require	 no	 prior	
knowledge	of	the	depositional	geometry	such	as	channel	
planform,	as	physical	formulas	for	fluid	flow	and	sediment	
erosion,	 transport,	 and	deposition	compute	 the	distribu-
tion	of	sediments	over	natural	temporal	and	spatial	scales.	











system	 to	 analyse	 as	 they	 constitute	 a	 significant	 com-














Cain	 &	 Mountney,  2009;	 Chakraborty	 et  al.,  2010;	 Dade	
&	 Friend,  1998;	 Gumbricht	 et  al.,  2004;	 Heward,  1978;	














Nichols,  1987);	 the	 Salt	 Wash	 DFS,	 southwestern	 USA	
(Owen	 et  al.,  2015,	 2017);	 the	 Blackhawk	 Formation,	
southwestern	USA	(Rittersbacher	et al., 2014);	the	Marília	
Formation,	southeastern	Brazil	(Dal’	Bó	et al., 2019;	Soares,	
Basilici,	 Lorenzoni,	 et  al.,  2020;	 Soares,	 Basilici,	 Silva	
Marinho,	et al., 2020)	and	the	Tordillo	Formation,	central	
Argentina	 (Coronel	 et  al.,  2020).	 However,	 outcrops	 are	
commonly	 limited	by	 their	 lateral	extent,	and	studies	of	
multiple	outcrops	within	the	same	system	are	frequently	
beset	 with	 correlation	 problems	 that	 make	 it	 difficult	 to	




Terwisscha	 van	 Scheltinga	 et  al.,  2020)	 but	 have	 associ-
ated	 scaling	 issues.	 Remote	 sensing,	 outcrop	 and	 flume	
tank	studies	can	be	complemented	by	numerical	models,	
which	can	 reproduce	 the	behaviour	and	 resultant	 strati-
graphic	 architecture	 of	 fluvial	 systems	 at	 temporal	 and	
spatial	 scale.	 This	 has	 been	 achieved	 for	 deltas	 (Huang	
et al., 2015;	van	der	Vegt	et al., 2016),	alluvial	fans	(Clevis	









•	 The	 numerical	 model	 has	 been	 validated	




•	 Lateral	 variability	 of	 these	 characteristics	 is	
greatest	at	the	transition	between	the	proximal	
and	medial	zone.
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et  al.,  2003;	Welivitiya	 et  al.,  2020),	 single-	channel	 belts	
(Karssenberg	 &	 Bridge,  2008)	 and	 parts	 of	 sedimentary	
basin	fills	(Bridge	&	Leeder, 1979;	Yan	et al., 2017).







eters	 that	 cannot	be	derived	 from	outcrop,	build	a	 strati-
graphic	 forward	 model	 based	 on	 these	 measurable	 input	
parameters,	use	an	iterative	modelling	workflow	to	adapt	
model	input	parameters	not	based	on	measurements	until	
the	 modelled	 output	 closely	 aligns	 to	 the	 observed	 sedi-
mentological	parameters	of	the	DFS	in	outcrop	and	finally	
use	 the	resulting	stratigraphic	 forward	model	of	 the	DFS	
to	improve	our	understanding	of	this	sedimentary	system.









observations	 such	 as	 grain	 size	 distribution	 and	 channel	
thickness	at	the	respective	Huesca	DFS	outcrop	locations	as	




of	 stratigraphic	 architecture	 in	 three	 dimensions	 enabling	
the	 quantification	 of	 sandbody	 connectivity,	 the	 result	 of	
longitudinal,	 lateral	 and	 temporal	 channel	 and	 splay	 con-
tacts.	Sandbody	connectivity	constitutes	the	primary	control	
of	 reservoir	 performance	 with	 implications	 for	 subsurface	
exploitation	and	storage	of	fluids	in	DFS	deposits.
















3140 |   EAGE SNIEDER et al.
the	 southward	 migration	 of	 the	 Pyrenean	 thrust	 front	
resulted	in	uplift	of	the	older	Jaca	Basin	and	emergence	
of	 the	 External	 Sierras	 (Cámara	 &	 Klimowitz,  1985;	
Muñoz, 1992;	Vergés,	1993).	The	Ebro	Basin	has	a	trian-
gular	shape	and	is	endorheic,	bound	to	the	north	by	the	
External	 Sierras,	 to	 the	 south	 by	 the	 Iberian	 Range	 and	
to	the	east	by	the	Catalan	Coastal	Range	(Figure 1).	It	re-
mained	internally	drained	until	the	Late	Miocene	(Garcés	




This	 caused	 the	 switch	 from	 aggradation	 to	 erosion,	
and	 the	 present-	day	 landscape	 started	 to	 form	 (Garcés	
et al., 2020).
The	 Huesca	 DFS	 comprises	 part	 of	 the	 Sariñena	
Formation	 (Soler-	Sampere	 &	 Puigdefábregas,  1970),	
which	 has	 been	 dated	 using	 microvertebrate	 fossils	 as	
Chattian	 to	 Burdigalian	 (Luzón,	 1997,	 2005)	 of	 which	
























storey	 channel	 architecture	 and	 the	 absence	 of	 laterally	
extensive	overbank	fines	(Nichols	&	Fisher, 2007).
The	 medial	 zone	 occupies	 a	 radius	 of	 approximately	
20–	60  km	 downstream	 of	 the	 apex	 (Hirst,  1991;	 Martin	
et  al.,  2021)	 and	 is	 dominated	 by	 channel	 belt	 deposits	
with	 both	 ribbon	 and	 sheet	 geometries,	 enclosed	 within	
overbank	mudstones.	The	channel	deposits	are	predom-







by	 overbank	 fines	 with	 occasional	 thin	 sheet	 sandstones	
formed	 by	 unconfined	 flow	 and	 sparse	 ribbon	 (isolated)	

















rate	 of	 approximately	 85  mm/kyr	 was	 estimated	 from	
magnetostratigraphy	 (Garcés	 et  al.,  2020;	 Pérez-	Rivarés	
et al., 2002).	This	rate	was	derived	from	deposits	approxi-
mately	80 km	southwest	of	the	Huesca	DFS	apex.




to	 the	 Early	 Miocene	 (Alonso-	Zarza	 &	 Calvo,  2000;	




The	 quantified	 outcrop	 study	 by	 Martin	 et  al.  (2021)	
was	used	to	validate	the	model	output.	This	study	is	based	
on	the	outcrops	Pertusa,	Monzón,	Montearagón,	Piraćes,	




2 |  METHODS
2.1 | Stratigraphic forward modelling 
software
The	 stratigraphic	 forward	 modelling	 software	 Sedsim	
was	 used	 to	 link	 the	 governing	 parameters	 (model	 in-
puts)	 to	 the	 resulting	 stratigraphic	 architecture	 (model	















Sedsim	 uses	 a	 computational	 approximation	 to	 the	
Navier–	Stokes	 equation	 to	 compute	 the	 hydrodynamics	
(Griffiths	et al., 2012;	Tetzlaff	&	Harbaugh, 1989).	Open	
channel	 flow	 is	 modelled	 in	 two	 horizontal	 dimensions	









transport	 and	 deposition	 are	 modelled	 in	 three	 dimen-
sions	and	computed	using	a	mixed	Lagrangian/Eulerian	
computational	 scheme	 for	every	node	at	each	 time	step.	
These	processes	are	modelled	according	 to	 the	principle	
of	mass	preservation.	The	boundary	between	erosion	and	
transportation	 is	 determined	 by	 the	 critical	 shear	 stress,	
calculated	 as	 a	 function	 of	 particle	 diameter	 (Griffiths	
et al., 2012).	Up	to	four	clastic	sediment	types	can	be	in-
cluded	 as	 well	 as	 carbonates	 and	 organics.	 The	 model	
output,	grain	size	distribution	and	sediment	thickness	are	
stored	 at	 each	 node	 for	 each	 display	 interval	 (Tetzlaff	 &	
Harbaugh, 1989).








run	 time.	 An	 interval	 of	 250  kyr	 within	 Aquitanian	 to	
Burdigalian	times	(23–	16 Ma)	was	modelled	within	the	la-
custrine	sediment	accumulation	rates	(Garcés	et al., 2020;	







of	 250  years	 was	 chosen	 (250  kyr	 model	 duration/1,000	
display	intervals).
Grid:	The	model	size	(Table 1)	was	selected	to	include	
the	 entire	 Huesca	 DFS	 with	 an	 outer	 margin	 of	 at	 least	
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10  km.	The	 grid	 resolution	 (Table  1)	 was	 a	 compromise	
between	temporal	resolution	and	computer	run	time.	The	
initial	 surface	 (Figure 2a)	 is	a	 fan	building	out	 from	the	
apex.	The	fan	has	a	concave	profile	with	a	0.002	gradient	
at	 the	 apex,	 decreasing	 to	 an	 0.0002	 gradient	 at	 the	 toe	
(Figure 2b).	Downstream	of	 the	fan	is	a	 lacustrine	slope	
with	a	0.0002	gradient.	Depositional	gradients	could	not	
be	 determined	 in	 outcrop	 as	 the	 tectonic	 reconstruction	
and	measurement	errors	are	too	great.	The	gradients	used	
were,	 thus,	 derived	 from	 average	 gradients	 (measured	
from	 digital	 elevation	 models)	 of	 modern	 DFS	 (Hartley	
et al., 2010).	These	DFS	are	located	in	northern	India	and	
are	 active	 in	 a	 similar	 climate	 zone	 and	 basin	 type	 and	
have	a	similar	downstream	length	to	the	Huesca	DFS.	The	
flattening	 of	 the	 gradient	 downstream	 of	 the	 apex	 rep-
resents	the	graded	profile	of	fluvial	systems	(Davis, 1806;	
Gilbert,  1877).	 The	 modelled	 fluvial	 input	 is	 at	 the	 top	
















gaging	 station	 in	 Henderson,	 Minnesota,	 USA	 (Groten	
et  al.,  2016)	 were	 used.	 This	 creek	 was	 chosen	 as	 it	 en-
compasses	a	similar	grain	size	range	(Groten	et al., 2016;	















Sediments:	 Four	 representative	 grain	 sizes	 (Table  1)	
were	 selected	 to	 cover	 the	 grain	 size	 range	 seen	 in	 the	
Huesca	DFS	outcrops	 (Hirst, 1991;	Martin	et al.,  2021):	




distribution	 from	 the	 High	 Island	 Creek	 data	 (Groten	
et al.,  2016)	was	used	 instead.	A	petrographic	 study	 for	
outcrops	near	Pertusa	(Turner	et al., 1984)	on	sediments	
ranging	 in	 grain	 size	 from	 medium	 sand	 to	 coarse	 silt	
showed	 that	 the	 main	 framework	 minerals	 are	 quartz,	
clay	 and	 oxide	 lithoclasts	 and	 limestone	 lithoclasts.	 In	
this	 petrographic	 analysis,	 carbonate	 lithoclasts	 and	 ce-
ments	 (calcite)	 were	 not	 distinguished.	 As	 the	 samples	
were	 heavily	 cemented,	 it	 was	 assumed	 that	 most	 of	
the	 carbonate	 content	 was	 introduced	 after	 deposition.	
Diagenesis	 was	 not	 included	 in	 the	 numerical	 model.	
Only	quartz	and	carbonate	(lithoclasts	and	cement)	con-
tent	 was	 measured	 by	 Turner	 et  al.  (1984)	 and	 quartz	
volume	 ranged	 from	 30%	 to	 60%.	 Given	 that	 clastic	
quartz	predominates,	a	density	of	2,650 kg/m3	(Anthony	
et  al.,  2015)	 was	 used	 for	 the	 three	 coarsest	 grain	 sizes	
(pebbles,	CMS,	and	fine	sands	to	silts)	in	the	model.	The	
clay	 minerals	 found	 in	 the	 Huesca	 system	 are	 mainly	
















eters	 for	 the	 source	 module	 were	 made	 more	 complex,	
varying	the	number	of	sources,	their	duration	of	activity	
and	 their	 parameters.	 The	 optional	 Sedsim	 modules	 are	
detailed	in	the	Appendix S1.
During	the	modelling	process,	the	most	sensitive	input	






2.3 | Model output processing and 
visualization





description	 of	 the	 processing	 and	 visualization	 can	 be	
found	in	Appendix S1.






Amalgamation	 ratio	 is	 an	 important	 characterization	
besides	 NTG	 for	 reservoir	 performance	 as	 it	 quantifies	
vertical	 connectivity.	 A	 ratio	 of	 1	 indicates	 a	 fully	 con-
nected	reservoir	without	baffles	or	barriers,	whereas	a	low	
ratio	 indicated	 a	 highly	 compartmentalized	 reservoir	 in	
the	vertical	direction.	The	amalgamation	ratio	is	defined	
as	 the	 fraction	 of	 sand-	to-	sand	 contacts	 (amalgamation	
surfaces)	 relative	 to	 all	 bed/cell	 contacts	 (sand-	to-	sand,	
sand-	to-	mud	and	mud-	to-	mud)	 in	a	vertical	pseudo-	well	
(Zhang	et al., 2017).	It	was	calculated	as	(sum of cell con-
tacts within each sandbody)/(total number of cells – 1).
To	 visualize	 the	 three-	dimensional	 data	 in	 a	 two-	
dimensional	section,	the	Euclidian	distance	between	each	
node	and	the	apex	was	calculated	and	all	nodes	with	the	
same	 distance	 from	 the	 apex	 were	 combined	 to	 1	 point	




2.4 | Model limitations
All	 models	 are	 a	 simplification	 of	 the	 real	 world	 and	 as	
such	have	limitations.	The	main	limitations	of	this	model	
stem	from	temporal	and	spatial	resolution,	using	multiple	












temporal	 resolution	 is	 limited	by	 the	same	 theorem	to	a	
minimum	of	ten	years.	The	hydrological	events	modelled	
in	this	project	are	floods,	and	their	duration	is	measured	
in	 days.	 Using	 5-	year	 time	 steps	 upscales	 these	 floods.	
Models	with	shorter	time	steps	show	a	greater	degree	of	
detail	in	the	depositional	pattern	but	more	important	than	
the	 time	step	 is	 the	display	 interval	as	 the	model	output	








The	 model	 input	 parameters	 are	 a	 combination	 of	
model	dimensions	and	sediment	characteristics	from	the	
Huesca	 DFS,	 hydrodynamic	 parameters	 from	 the	 High	
Island	Creek	and	the	initial	surface	topography	from	mod-
ern	DFS	in	northern	India.	As	the	goal	of	the	project	was	
to	 link	 controls	 on	 sedimentary	 processes	 (model	 input	




depth-	averaged	 velocity	 profile	 to	 approximate	 the	 vertical	
component	(Griffiths	et al., 2012;	Tetzlaff	&	Harbaugh, 1989).	
Because	of	this	simplification,	sedimentary	features	that	are	
thinner	 than	 the	 flow	 depth	 such	 as	 dunes	 or	 bars	 within	
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the	channels	are	not	modelled.	Inter-	grain	cohesion	is	also	
not	 modelled	 in	 Sedsim	 (Griffiths	 et  al.,  2012;	 Tetzlaff	 &	
Harbaugh, 1989),	which	means	that	clay-	rich	deposits	in	the	
model	 are	 more	 easily	 erodible	 and	 do	 not	 maintain	 steep	
depositional	 angles.	 This	 might	 increase	 channel	 mobility	
and	 avulsion	 rates	 in	 the	 medial	 zone	 where	 floodplain–	
channel	interactions	are	common.
Subsidence	was	not	modelled	as,	to	the	authors’	knowl-
edge,	 no	 subsidence	 rate	 was	 measured	 for	 the	 Huesca	
DFS.	 The	 model	 was	 deposited	 by	 allowing	 the	 system	
including	 the	 source	 point	 to	 aggrade.	 In	 Sedsim	 as	 in	





only	 represents	 one	 of	 many	 possible	 subsidence–	lake–	





















To	 reduce	 the	 uncertainty	 introduced	 by	 combining	




elling	 software	 were	 used	 to	 match	 the	 three	 data	 sets.	
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It	 was	 impossible	 to	 conduct	 a	 direct	 and	 quantified	





3 |  RESULTS
During	the	model	duration,	550	km3	of	sediment	was	in-
troduced	at	the	source	of	the	model	and	450	km3	of	those	








3.1 | Stabilisation and progradational 
phase of the model
The	 initial	 surface	 (Figure  2a)	 was	 devoid	 of	 sediments,	





size	 distribution	 due	 to	 retrogradation	 of	 terminal	 fans	
over	the	initial	sand	bypass	zone	all	the	way	to	the	proxi-
mal	part	of	the	DFS.	Coarsening-	upward	successions	are	
limited	 to	 the	 proximal	 zone	 due	 to	 the	 progradation	 of	
sediments	 adjacent	 to	 the	 apex	 (Figure  3	–	 0.25,	 20  kyr,	
and	Figure 4).	After	approximately	20 kyr	the	retrograding	
and	 prograding	 deposits	 coalesce	 and	 blanket	 the	 entire	
area	later	occupied	by	the	DFS.	This	marks	the	stabilisa-
tion	 of	 the	 model	 and	 the	 beginning	 of	 DFS	 deposition	
(Figure 3	–	20 kyr).
From	 approximately	 20–	125  kyr,	 the	 stable	 DFS	
progrades	 (Figure  4),	 as	 shown	 by	 the	 coarsening	 and	
thickening	 upward	 trends	 (Figure  5).	 In	 plan-	view	 the	
progradations	relate	 to	active	 fluvial	channels	and	travel	
further	 downstream	 than	 the	 sediments	 not	 confined	 to	
the	active	channel	(Figure 3	–	20	and	125 kyr).	In	a	down-




3.2 | Aggradational phase of the model















F I G U R E  5  Cross-	section	of	the	modelled	grain	size	distribution	from	north	to	south	through	the	source	and	apex.	The	depositional	
surfaces	after	20,	125	and	250 kyr	are	marked	as	red	lines.	The	colour	scheme	is	the	same	as	in	Figure 3.	The	location	of	the	cross-	section	can	
be	seen	in	Figure 2a	
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the	feeder	channel	connecting	the	source	to	the	apex	and	two	
lobes	on	either	side	of	the	apex.	Only	at	the	sides	and	down-




ity	 in	 these	parameters,	 especially	 sandbody	 thickness	and	




stratigraphic	 architecture	 is	 characterized	 by	 amalgamated	
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with	little	spread	of	measured	thicknesses.	This	results	in	a	












20  km	 (Figure  7b,c).	 When	 the	 number	 of	 sandbodies	 in-











F I G U R E  8  Maps	for	the	modelled	grain	size	distribution	averaged	at	every	node	over	the	aggradational	time	interval	(125–	250 kyr)	
with	the	distribution	of	(a)	pebbles,	(b)	coarse	to	medium	sands,	(c)	fine	sands	to	silts	and	(d)	clays.	The	unit	of	these	maps	is	the	fraction	of	
each	grain	size	to	the	total	grain	size	distribution	
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In	 the	 medial	 zone	 (20–	60  km	 downstream	 of	 the	
apex),	the	proportion	of	CMS	is	reduced	from	80%	at	the	
proximal	 to	 medial	 boundary	 to	 5%	 at	 the	 transition	 to	
the	distal	 zone.	P	 is	only	present	 in	a	 small	percentage	








imately	 10  km	 further	 downstream	 towards	 the	 south	
than	towards	the	west.	(Figure 8b–	d).	The	averaged	sed-
iment	thickness	increases	from	32 m	at	the	proximal	to	
medial	 boundary	 to	 35  m	 at	 48  km	 from	 the	 apex	 and	


















distal	 zone.	 The	 variability	 of	 NTG	 values	 reaches	 its	
maximum	in	the	first	few	kilometres	of	the	medial	zone	
but	 decreases	 downstream	 to	 around	 40%	 (Figure  7a).	
The	 maximum	 number	 of	 sandbodies	 are	 encountered	
at	25 km	 from	 the	apex	and	decrease	 steadily	until	 the	
medial	 to	 distal	 transition	 (Figure  7c).	 Around	 25  km	
from	the	apex,	the	sandbody	thickness	also	decreases	at	
a	much	 lower	 rate.	The	average	 thickness	only	 reduces	
by	about	2.4 m	from	25	to	60 km	from	the	apex,	whereas	
in	the	transition	zone	(15–	25 km	from	the	apex)	the	av-
erage	 thickness	 decreases	 by	 25.4  m.	 The	 variability	 in	
thickness	decreases	downstream	as	well	(Figure 7b).	The	





In	 the	 distal	 zone	 (60–	70  km	 downstream	 of	 the	
apex),	 C	 dominates	 and	 FSS	 decreases	 continuously	
until	 it	 disappears	 by	 85  km	 from	 the	 apex.	 CMS	 is	
only	present	as	a	few	percent	and	disappears	by	80 km	
downstream	(Figure 3).	In	plan-	view,	the	grain	size	dis-
tribution	 shows	 a	 clustered	 texture	 (Figure  8b,c).	 The	
sediment	clusters	occur	in	areas	with	reduced	sediment	
thickness	 (Figure  10a).	 These	 sediment	 accumulations	
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are	 situated	 at	 the	 end	 of	 channels	 and	 represent	 ter-
minal	fans	(Figure 3	–	125,	250 kyr	and	Figure 9).	This	
creates	 patchy	 and	 isolated	 sandbodies	 in	 plan-	view	
(Figure  3	 –	 250  kyr).	The	 stratigraphic	 architecture	 re-
veals	 only	 isolated	 channelized	 deposits	 mostly	 filled	
with	FSS	and	to	a	 lesser	extent	CMS	and	terminal	 fans	
mainly	 depositing	 C	 (Figures  5d	 and	 9).	 The	 average	
total	 sediment	 thickness	 in	 the	 distal	 zone	 drops	 from	
32	to	29 m	(Figure 10b).	This	results	in	a	sediment	accu-
mulation	rate	of	241 mm/kyr.	NTG	decreases	from	19%	






of	 the	 apex),	 only	 FSS	 and	 C	 are	 present,	 but	 deposi-
tion	 does	 not	 occur	 over	 the	 entire	 model	 area	 covered	
by	 the	 lake.	 The	 average	 total	 sediment	 thickness	 drops	
from	around	29 m	at	the	lake	shore	to	below	1 m	beyond	
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but	the	amalgamation	ratio	already	reached	0	on	average	
at	79 km	from	the	apex	(Figure 7).
4 |  DISCUSSION
4.1 | How well does the model compare 
with the Huesca DFS?
The	quality	check	of	 the	model	against	 the	Huesca	DFS	
was	 performed	 through	 answering	 three	 key	 questions:	
(1)	Does	the	model	reproduce	the	general	characteristics	
of	a	DFS,	(2)	does	the	model	reproduce	the	Huesca	DFS	






The	 model	 matches	 all	 of	 the	 general	 characteristics	
of	 DFS	 defined	 by	 Hartley	 et  al.  (2010)	 and	Weissmann	
et al.  (2010):	 it	has	a	radial,	distributive	channel	pattern	
downstream	of	the	DFS	apex	(Figure 3	–	125,	250 kyr	and	
Figure  8),	 channel	 size	 and	 average	 grain	 size	 decrease	
from	proximal	to	distal	(Figures 5	and	6)	and	channel	con-
finement	decreases	distally	(Figure 9).
At	 a	 system	 scale,	 the	 Huesca	 DFS	 has	 been	 divided	
into	proximal,	medial	and	distal	zones	(Hirst, 1991):	The	





are	 deposited	 as	 well	 as	 increasing	 to	 12%	 at	 the	 proxi-
mal	 to	medial	 transition	 (Figure 6).	No	grain	size	distri-
bution	is	available	from	outcrops	in	the	proximal	zone	of	
the	Huesca	DFS,	so	overbank	fines	adjacent	to	the	medial	
zone	 could	 be	 present	 but	 not	 described	 from	 the	 out-
crop.	Strong	channelization	was	reproduced	by	the	model	
(Figure 5a),	but	sheet	flows	were	also	modelled	(Figure 9),	
which	 are	 not	 described	 in	 outcrop.	 This	 results	 from	 a	
minor	 mismatch	 between	 the	 depositional	 gradient	 and	
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The	 medial	 zone	 in	 the	 Huesca	 DFS	 is	 described	 as	
sandy	 channel	 belt	 deposits	 enclosed	 within	 overbank	
mudstones	 (Hirst,  1991),	 which	 corresponds	 closely	
to	 the	 modelled	 grain	 size	 distribution	 (Figure  6)	 and	
channel	 pattern	 (Figure  3	 –	 125,	 250  kyr	 and	 Figure  9).	
Subordinate	 channels	 with	 mud	 plugs	 were	 observed	 in	
outcrop	 (Hirst,  1991)	 and	 also	 reproduced	 in	 the	 model	






resolution.	 The	 sandbody	 connectivity	 observed	 in	 out-
crop	 is	 mostly	 lateral	 with	 limited	 vertical	 connectivity	
(Nichols	&	Fisher, 2007).	In	the	medial	zone	of	the	model,	
the	 rapidly	 decreasing	 amalgamation	 ratio	 (Figure  7d)	
clearly	 shows	 a	 low	 vertical	 connectivity	 of	 sandbodies.	
In	cross-	section,	horizontal	connectivity	 in	the	model	 is,	
however,	apparent	(Figure 5c).
Overbank	 fines	 with	 occasional	 thin-	sheet	 sand-
stones	 characterize	 the	 distal	 zone	 of	 the	 Huesca	 DFS	
(Hirst,  1991).	 The	 modelled	 grain	 size	 distribution	
matches	 this	 description	 (Figure  6),	 and	 most	 channel-










Pertusa 31 0.65 0.23
Monzón 32 1.05 0.71
Montearagón 43 0.87 0.09
Piraćes 43 1.08 0.27
Castleflorite 44 0.79 0.22
Torrollón 45 0.96 0.35
Bolea 59 4.97 0.30









F I G U R E  1 2  Stacked	grain	size	distribution	plotted	as	in	Figure 6	but	along	transects	from	the	apex	to	the	eastern,	southeastern,	
southern,	southwestern	and	western	corner	of	the	model.	Note	that	the	distance	from	apex	axes	is	not	uniform	as	the	transects	are	of	
different	length	
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deposits	or	proximal	parts	of	terminal	fans	and	create	iso-
lated	channel	deposits.	These	channel	deposits	are	mainly	
filled	 by	 C	 and	 FSS	 (Figure  5d).	 In	 outcrop,	 sandbodies	
are	not	connected	laterally	nor	vertically	and	are	of	small	
volume.	The	model	has	a	very	low	amalgamation	ratio	and	













is	 not	 modelled.	 Not	 modelling	 evaporite	 and	 carbonate	
sediments	 in	 the	 lacustrine	 zone	 also	 led	 to	 a	 sediment	
thickness	 rapidly	 decreasing	 away	 from	 the	 lake	 shore	
(Figure 10b)	unlike	 the	shallow	depositional	gradient	of	






To	compare	 the	model	 to	outcrops,	 the	model	output	
parameters	(Figure 11a,b)	were	extracted	at	the	equivalent	
outcrop	 locations	 and	 compared	 with	 outcrop	 measure-
ments	 (Figure  1)	 from	 Martin	 et  al.  (2021).	 To	 quantify	
the	 comparison,	 a	 ratio	 between	 the	 model	 parameters	
and	 the	 outcrop	 measurement	 was	 calculated	 (Table  2).	
For	the	NTG/in-	channel	component,	the	match	between	
the	model	and	outcrop	for	Monzón,	Montearagón,	Piraćes	
and	 Torrollón	 is	 good	 (model-	outcrop	 ratio:	 ±15%),	 for	













the	 outcrop	 measurement	 at	 their	 respective	 distances	
from	the	apex.	Therefore,	 in	Figure 11a,b,	the	minimum	
and	 maximum	 values	 encountered	 at	 the	 equivalent	
distance	from	the	apex	to	the	outcrops	was	also	plotted	for	
each	 outcrop	 location.	 If	 the	 outcrop	 measurements	 fall	
within	the	minimum	to	maximum	range	of	the	model,	the	
model	is	a	good	approximation	of	the	system-	scale	distri-
bution	 of	 grain	 size	 and	 sediment	 thickness.	 Figure  11a	







ability	 within	 a	 DFS,	 especially	 at	 the	 Bolea	 and	 Sigena	
outcrops	 where	 NTG	 measured	 at	 the	 outcrop	 is	 much	
lower	than	extracted	from	the	model.	In	the	model	at	the	








nel	 thickness	 from	the	outcrop	 lies	within	 the	minimum	
to	 maximum	 range	 of	 the	 modelled	 sandbody	 thickness	









is	 the	 maximum	 thickness	 of	 channel	 body	 measured	 in	














Eastern 17.4 17.2 5.3 60.1
Southeastern 10.9 34.3 7.2 47.6
Southern 8.6 34.2 6.7 50.5
Southwestern 9.2 33.9 7.0 49.9
Western 18.1 18.8 5.4 57.8
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outcrop	thicker	than	the	maximum	thickness	modelled	in	
equidistant	locations	(0.2	and	2 m,	respectively).
4.2 | How does the model increase our 
understanding of the DFS in the rock 
record?
DFS	tend	to	form	a	radial	pattern	in	planform	if	they	are	





for	 transects	 from	the	apex	 to	 the	eastern,	 southeastern,	
southern,	southwestern	and	western	corner	(Figure 12),	a	
similar	grain	size	distribution	with	distance	from	the	apex	
is	 observable	 but	 the	 greater	 the	 angle	 from	 the	 north-	
south	median,	the	greater	the	difference	in	grain	size	dis-
tribution	from	the	radial	average	one	shown	in	Figure 6.
The	 eastern	 and	 western	 transects	 have	 a	 2-	km-	wide	
section	 close	 to	 the	 apex	 with	 a	 60%	 and	 69%	 reduction	
of	 P,	 respectively,	 and	 replacement	 by	 CMS	 and	 C.	 The	
map	 view	 (Figure  8)	 shows	 that	 this	 zone	 is	 situated	 at	
the	edges	of	the	canyon	connecting	the	source	to	the	basin	
and	where	the	canyon	opens	to	the	basin	(Figure 2).	This	
is	 the	 result	 of	 a	 reduction	 in	 transport	 capacity	 of	 the	
modelled	river.	This	phenomenon	has	not	been	described	
in	the	Huesca	DFS	as	the	proximal	zone	close	to	the	apex	






The	 eastern	 and	 western	 transect	 also	 show	 that	
more,	P	but	less	CMS	is	deposited	along	these	transects	








the	 greater	 the	 angle	 from	 the	 meridian	 (straight	 line	
from	the	source,	through	the	apex	to	the	most	distal	part	
of	 the	 model,	 see	 southern	 transect	 in	 Figure  2a),	 the	
coarser	the	average	grain	sizes	are	in	the	proximal	zone	
but	the	finer	in	the	medial	and	distal	zones	(Figure 12).	








acterized	 as	 radial	 fluvial	 systems,	 the	 lateral	 variability	
encompasses	all	the	locations	with	the	same	downstream	
distance	 from	 the	 apex.	 Figure  7	 shows	 this	 variability	
for	NTG,	sandbody	thickness,	number	of	sandbodies	and	
amalgamation	 ratio.	The	 lowest	 variability	 occurs	 in	 the	
proximal	zone	as	it	is	a	single	homogenous	sandbody	(ap-
proximately	0–	15 km	from	the	apex)	but	at	the	transition	
zone	 between	 the	 proximal	 and	 medial	 zone	 (approxi-
mately	15–	25 km	from	the	apex)	the	variability	increases	
exponentially	 to	 its	 highest	 level	 found	 throughout	 the	
DFS	model.	Delineating	 the	 single	 sandbody	part	of	 the	
proximal	zone	from	the	increasingly	heterogenous	proxi-
mal	to	medial	transition	zone	is	crucial	for	reservoir	qual-
ity	 predictions.	 The	 vertical	 connectivity	 (inferred	 from	













As	 the	 display	 interval	 includes	 multiple	 flood	 events,	
at	 this	 temporal	 resolution,	 the	 variability	 cannot	 be	 di-
rectly	linked	to	single	flood	events.	The	variability	in	the	
calculated	parameters	decreases	distally	but	only	reaches	







et  al.  (2017)	 for	 the	 entire	 Saltwash	 DFS,	 southwestern	
USA,	but	their	limited	coverage	of	outcrops	did	not	allow	
them	to	fully	quantify	this	variability	at	a	system	scale.
Continental	 sedimentary	 deposits	 especially	 within	
DFS	rarely	contain	datable	material	so	that	temporal	cor-
relation	 and	 accumulation	 rates	 are	 frequently	 difficult	
to	obtain	from	outcrops.	Numerical	models,	on	the	other	
hand,	 have	 full	 temporal	 and	 spatial	 control	 in	 the	 out-
puts.	This	work	has	 revealed	 that	 the	accumulation	rate	
is	 slightly	higher	on	average	 in	 the	medial	 zone	 than	 in	
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the	 proximal	 zone	 even	 through	 the	 average	 grain	 size	






5 |  CONCLUSIONS
As	Best	and	Fielding	(2019)	said:	 ‘The	DFS	debate	dem-
onstrates	 the	 essential	 need	 to	 link	 a	 knowledge	 of	 the	
processes	of	deposition	with	evolving	models	for	their	rec-
ognition,	 and	 that	 the	 two	 should	 not	 be	 divorced	 from	
each	other’.	We	used	the	hydrodynamic	stratigraphic	for-




























Although	 the	 model	 built	 within	 this	 study	 can	 help	
to	improve	our	understanding	of	the	Huesca	system	and	
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